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L-Arginine and L-arginine-metabolizing enzymes play important roles in the biology of some types of myeloid cells, including
macrophage and myeloid-derived suppressor cells. In this study, we found evidence that arginase 1 (Arg1) is required for the
differentiation of mouse dendritic cells (DCs). Expression of Arg1 was robustly induced during monocyte-derived DC differenti-
ation. Ectopic expression of Arg1 significantly promoted monocytic DC differentiation in a granulocyte-macrophage colony-
stimulating factor culture system and also facilitated the differentiation of CD8�� conventional DCs in the presence of Flt3 li-
gand. Knockdown of Arg1 reversed these effects. Mechanistic studies showed that the induced expression of Arg1 in
differentiating DCs was caused by enhanced recruitment of histone deacetylase 4 (HDAC4) to the Arg1 promoter region, which
led to a reduction in the acetylation of both the histone 3 and STAT6 proteins and subsequent transcriptional activation of Arg1.
Further investigation identified a novel STAT6 binding site within the Arg1 promoter that mediated its regulation by STAT6 and
HDAC4. These observations suggest that the cross talk between HDAC4 and STAT6 is an important regulatory mechanism of
Arg1 transcription in DCs. Moreover, overexpression of Arg1 clearly abrogated the ability of HDAC inhibitors to suppress DC
differentiation. In conclusion, we show that Arg1 is a novel regulator of myeloid DC differentiation.

Dendritic cells (DCs) are specialized antigen-presenting cells
that capture, process, and present antigens to T cells and thereby

play important roles in both innate and adaptive immunity (1, 2).
Differentiation of DCs from hematopoietic progenitor cells (HPCs)
is regulated by complex signaling pathways that involve soluble cyto-
kines and transcription factors (TFs) in bone marrow (BM) and pe-
ripheral lymphoid tissues (3, 4). Impaired DC differentiation facili-
tates the escape of tumor cells and invading pathogens from the host’s
immune surveillance (5–7). Although many molecular mechanisms
linked to DC differentiation have been proposed, a complete picture
has yet to be obtained (8–10).

L-Arginine is a conditionally essential amino acid in adult mam-
mals because it is required under some special circumstances such as
trauma, pregnancy, and infections. L-Arginine is metabolized by ar-
ginase (Arg) to produce urea and L-ornithine and by nitric oxide
synthase to produce nitric oxide and L-citrulline. There are two
known Arg isoforms, Arg1 and Arg2. Arg1 is constitutively expressed
in the liver, where it participates in the urea cycle, while Arg2 is lo-
cated in mitochondria in various cell types (11). Recently, it was re-
ported that Arg1 expression is induced in myeloid cells exposed to
Th2 cytokines such as interleukin-4 (IL-4) and IL-13. Induction of
Arg1 or Nos2 has been used to distinguish macrophages activated
through either the classical or the alternative pathway (12). Upregu-
lation of Arg1 and Nos2 is closely associated with the suppressive
activity of myeloid-derived suppressor cells (MDSCs), which causes
L-arginine depletion and suppression of host T cell responses to tu-
mor cells (13). These reports support the potential biological signifi-
cance of Arg1 and L-arginine metabolism in myeloid cells. Their roles
in DC biology, however, remain poorly understood.

Histone (de)acetylation is one of the major epigenetic mecha-
nisms in eukaryotic cells, as it regulates gene transcription by con-

densing or relaxing chromatin structures, thus facilitating the re-
cruitment of coactivators or corepressors to the transcriptional
machinery (14–17). Histone acetylation-mediated gene transcrip-
tion plays crucial roles in the function and differentiation of
immune cells (18–21). Histone deacetylase (HDAC) inhibitors
(HDACi), which are potential anticancer agents, have various ef-
fects on the immune system, including the suppression of DC
differentiation and functions (22–25). HDACi treatment also
causes defects in myeloid cell differentiation that lead to the accu-
mulation of myeloid-derived suppressor cells (26). However, the
mechanisms underlying HDACi-mediated DC suppression re-
main elusive. Elucidation of the relevant processes will benefit the
understanding of DC differentiation, as well as shed light on the
immunomodulatory role of HDACi in cancer therapy.

In our pilot study, the mechanism of HDACi-mediated inhi-
bition of DC differentiation was studied by analyzing the mRNA
profile of mouse HPCs cultured with granulocyte-macrophage
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colony-stimulating factor (GM-CSF), following treatment with
the HDACi trichostatin A (TSA). We found that Arg1 expression
was significantly downregulated by TSA, indicating a potential
role for this enzyme in HDACi-mediated DC suppression. In this
study, we demonstrate that Arg1 is a novel regulator of DC differ-
entiation and that HDAC4 and STAT6 cooperate in the transcrip-

tional regulation of Arg1 in differentiating DCs. Finally, we report
that Arg1 mediates the suppressive effect of HDACi on DCs.

MATERIALS AND METHODS
Ethics statement. This study was approved by the Ethics Review Board of
Sun Yat-Sen University. Written informed consent was provided by the

FIG 1 Induction of Arg1 during DC differentiation. (A to C) Enriched HPCs from mouse BM were cultured in medium containing GM-CSF and/or IL-4 to
induce monocytic DC differentiation; cells were harvested at 0, 3, and 6 days; the expression of L-arginine-metabolizing enzyme-encoding genes was measured
by qRT-PCR (A) and Western blotting (B); and Arg activity was determined in cell lysates (C). (D) DCs (CD11c� MHCII�) and non-DCs (CD11c� MHCII�)
were purified by flow cytometric sorting from cells cultured for 6 days, and Arg1 expression was evaluated by qRT-PCR (left) and Western blotting (right). (E)
Arg1 expression in the course of human monocyte differentiation into DCs was determined by qRT-PCR. IRF4 was used as a positive control. (F) The L-arginine
contents of supernatants from cultured BM cells were measured by HPLC. (A, C to F) The data represent the mean results � the standard deviations from three
independent experiments. The Western blot assays in panels B and D are representative of three independent experiments. *, P � 0.05; **, P � 0.01 (compared
with the corresponding controls).
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FIG 2 Modulation of Arg1 expression affects monocyte-derived DC differentiation. (A and B) Enriched mouse HPCs were infected with lentiviral plasmids expressing
Arg1 cDNA (A), two independent Arg1 shRNAs (B), or the empty vectors (with a GFP tag). Untransduced HPCs were used as controls. Cells were cultured for 6 days,
and the proportions of the indicated subpopulations among the GFP� cells were evaluated by flow cytometric analysis. The left half of each panel is from a single
experiment, and the right half of each panel represents the mean results � the standard deviations from three independent experiments. (C) Antigen-specific T cell
proliferation. DCs from panels A and B were stimulated with OVA peptide and then cocultured with T cells isolated from OT-II transgenic mice for 3 days at a 1:10 ratio.
T cell proliferation was measured by CFSE dilution. T cell culture alone was used as a negative control. The data in the top part of the panel are from a single experiment,
and the graph at the bottom represents the mean results � the standard deviations from three independent experiments. (D) Human CD14� monocytes were
transduced with Arg1 shRNAs or the empty vector and cultured for 7 days to induce DC differentiation. The expression of DC surface markers was evaluated by flow
cytometric analysis of the GFP� cells. The data are representative of three independent experiments. *, P � 0.05; **, P � 0.01 (compared with the corresponding
controls).
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enrolled healthy donors. All mouse experiments were approved by the
Sun Yat-Sen University Institutional Animal Care and Use Committee.
All mice were maintained under specific-pathogen-free conditions and
used at 6 to 8 weeks of age.

Mice and cell lines. OT-II transgenic mice were kindly provided by
Hui Zhang (Sun Yat-Sen University). All of the cell lines used, including
HEK 293T, 32D, and WEHI-3B, were purchased from the American Type
Culture Collection (ATCC) and cultured under the conditions recom-
mended by the ATCC.

Reagents. For the reagents used in this study, see the supplemental
material.

Generation of mouse DCs in vitro. For monocytic DCs, BM cells were
collected from mouse tibiae and femurs and cultured in RPMI 1640 sup-
plemented with 10% fetal bovine serum (FBS), 50 �M 2-mercaptoetha-
nol, 20 ng/ml GM-CSF, and 10 ng/ml IL-4 for 6 days. For some experi-
ments, mouse HPCs were enriched from mouse BM with a Lineage
depletion kit (Miltenyi Biotec, Teterow, Germany) and cultured under
the same conditions described for BM cells. For steady-state DC differen-
tiation, mouse BM cells were cultured in medium containing 100 ng/ml
Flt3 ligand (Flt3L) for 9 days; the medium was refreshed every 2 to 3 days.

Flow cytometric analyses and cell sorting. The procedures used for
flow cytometric analyses and cell sorting were described previously (27, 28).
Single-cell suspensions were prepared from cultured cells or mouse tissues
and stained with fluorescein-conjugated antibodies. The proportions of the
corresponding cell populations were evaluated with a FACSCalibur flow cy-
tometer (Beckman Coulter, Fullerton, CA). Data were acquired as the frac-
tion of labeled cells within a live-cell gate set for 50,000 events and analyzed by
the CellQuest program (Becton Dickinson, Mountain View, CA). For flow
cytometric sorting, the stained cells were isolated with a FACSAria cell sorter
(BD LSR II; BD Biosciences, San Jose, CA).

qRT-PCR. The experimental procedures used for quantitative reverse
transcription (qRT)-PCR were described earlier (27); the sequences of the
primers used are listed in Table S1 in the supplemental material.

L-Arginine measurement. Amounts of L-arginine were determined by
high-performance liquid chromatography (HPLC) as described previ-
ously (29). Briefly, L-arginine was extracted from culture supernatants by
solid-phase extraction (SPE), derivatized with ortho-phthaldialdehyde
(OPA), and separated by isocratic reverse-phase chromatography. The
derivatized samples were injected into the column with an autosampler,
and the flow rate was set at 1.0 ml/min. The excitation and emission
wavelengths of the fluorescence detector were set at 420 and 483 nm,
respectively.

Lentivirus transduction. Lentiviral stock preparation and viral trans-
duction were performed as described previously (30, 31). HEK 293T cells
were transfected with lentiviral vectors and packaging plasmids (pCMV-
�R8.2, pMD.G) by using Lipofectamine 2000. The culture supernatants
were collected, concentrated, and stored at �80°C. BM cells or enriched
HPCs were infected with a 30% volume of concentrated lentiviral stock
solution with 8 �g/ml Polybrene. The medium was replaced with fresh
medium at 3 h postinfection.

Adoptive cell transfer. The procedure used for adoptive cell transfer
was described earlier (32). Briefly, C57BL/6 mice were irradiated with 9.5
Gy administered (three times) with a 137Cs irridiator (MDS Nordion,
Ottawa, Ontario, Canada) and used as recipients. Enriched HPCs were
transduced with different lentiviral plasmids (with a green fluorescent

protein [GFP] tag) and cultured with a cytokine cocktail to allow cell
proliferation. Cells were then injected intravenously (i.v.) into recipient
mice, and the proportions of myeloid cells among the GFP� cells in the
spleen were analyzed at 8 weeks posttransfer.

Antigen-specific T cell proliferation assay. Antigen-specific T cell
proliferation was measured as described previously (33). DCs from cul-
tured BM cells were treated with OVA323-339 peptide at 37°C for 3 h and
then stimulated with lipopolysaccharide (100 ng/ml) for 2 h. CD4� T cells
from OT-II transgenic mice were stained with 2 �M carboxyfluorescein
succinimidyl ester (CFSE) and cocultured with DCs at a 1:10 DC/T cell
ratio for 72 h. The proliferation of T cells were analyzed by flow cytometry.

Coimmunoprecipitation and Western blotting. For the coimmuno-
precipitation and Western blotting procedures used in this study, see the
supplemental material.

Arg activity assay. Arg activity was measured as described previously
(27).

Plasmid constructs and transfection assays. For the plasmid con-
structs and transfection assays used in this study, see the supplemental
material.

ChIP assay. The chromatin immunoprecipitation (ChIP) assay was
performed by following the instructions from Millipore (Billerica, MA).
In brief, cultured BM cells were fixed with a 1% formaldehyde solution,
lysed, and sheared by sonication. Cell lysates were precleared with protein
G-agarose and immunoprecipitated with specific antibodies or an anti-
IgG control. Antibody-chromatin complexes were collected with protein
G-agarose. The DNA in the complex was recovered and quantitated by
quantitative PCR (qPCR). Ten percent of the lysate before immunopre-
cipitation was used as the input control. Amplification of cyclophilin from
the input was used as a loading control. For sequential ChIP assays, sam-
ples were initially immunoprecipitated with anti-STAT6 antibody; the
complex was then reimmunoprecipitated with anti-HDAC4 antibody.
DNA from both rounds of ChIP assays was purified and subjected to
qPCR.

Methylated BSA-induced peritonitis. For the methylated bovine se-
rum albumin (BSA)-induced peritonitis procedure used in this study, see
the supplemental material.

Statistical analyses. Statistical analyses of differences between groups
were done with unpaired t tests. The Prism version 5.0a (GraphPad, San
Diego, CA) and SPSS Statistics 17.0 software packages were used. A P
value of �0.05 was considered significant.

RESULTS
Induction of Arg1 expression during DC differentiation. To de-
termine the role of Arg1 in the regulation of DC differentiation,
mouse HPCs were enriched from BM and cultured in medium
containing GM-CSF with or without the cytokine IL-4 to induce
monocytic DC differentiation. Cells were harvested on days 0, 3,
and 6, and the expression of Arg1 was analyzed by qRT-PCR. DC
differentiation was coupled with a drastic induction of Arg1 ex-
pression in the presence or absence of IL-4 (Fig. 1A). In contrast to
the induction of Arg1, the expression of Arg2 was moderately
downregulated during DC differentiation, while no noticeable
change in the expression of the Nos2-encoding gene, another gene
involved in L-arginine metabolism, was observed. Interestingly,

FIG 3 Modulation of Arg1 expression affects steady-state DC differentiation. (A to C) Enriched mouse HPCs were infected with lentiviral plasmids (with a GFP
tag) expressing Arg1 cDNA and Arg1 shRNA, and empty vectors were used as controls. Cells were cultured with a cytokine cocktail for 5 days and then adoptively
transferred to lethally irradiated mice (n � 6). The percentages of splenic DC subsets among the GFP� CD11c� cells (left) and other types of myeloid cells among
the GFP� cells (right) were determined by flow cytometric analysis. The data in the upper part of each panel are from a single experiment, and the graph at the
bottom represents the mean results � the standard deviations from the six mice analyzed. (B) cDCs purified from spleen of recipient mice in panel A were
stimulated with OVA peptide and then cocultured with CD4� T cells from OT-II mice at a 1:10 ratio for 72 h, and T cell proliferation was evaluated by CFSE
dilution. (C) BM cells were transduced with lentivirus expressing Arg1 or a vector control and then cultured with Flt3L for 9 days. The percentages of DC subsets
were evaluated by flow cytometric analysis. The data in the left part of the panel are from a single experiment, and the graph on the right represents the mean
results � the standard deviations from four independent experiments. *, P � 0.05; **, P � 0.01 (compared with the corresponding controls).
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the expression of the cationic amino acid transporter 2B (Cat2B),
which is responsible for cellular uptake of L-arginine, was also
significantly induced (Fig. 1A). The changes in the expression of
the mRNAs for the respective proteins were further confirmed by
Western blotting (Fig. 1B). Consistent with the induction of Arg1,
the activity of Arg also strongly increased during the course of DC
differentiation (Fig. 1C), indicating that Arg1 may be the domi-
nant Arg isoform in this process. CD11c� major histocompatibil-
ity complex class II-positive (MHCII�) DCs purified by flow cy-
tometric sorting from BM cells cultured for 6 days displayed
significantly higher levels of Arg1 expression and Arg activity than
CD11c� MHCII� control cells from the same culture (Fig. 1D; see
Fig. S1 in the supplemental material). The induction of Arg1 ex-
pression was also observed in the course of human monocyte-
derived DC differentiation (Fig. 1E). These observations suggest
that Arg1 is a potential regulator of DC differentiation.

Considering the crucial role of Arg1 in L-arginine metabolism,
we further examined whether L-arginine metabolism was changed
during the course of DC differentiation. The contents of L-argi-
nine in the supernatants from cultured BM cells were measured by
HPLC. The results showed that the L-arginine concentration was
significantly lower on days 6 and 3 than that on day 0 (Fig. 1F),
indicating enhanced uptake and/or metabolism of L-arginine by
differentiating DCs. These results support a potential role for Arg1
and L-arginine metabolism in DC differentiation.

Modulation of Arg1 expression affects monocyte-derived
DC differentiation. To study the role of Arg1 in the differentia-
tion of monocyte-derived DCs, mouse HPCs were infected with
lentiviral plasmids expressing Arg1 cDNA or the empty vector
cPPT (human immunodeficiency virus type 1 central polypurine
tract with a GFP tag) and cultured under conditions that induce
DC differentiation. The lentiviral infection efficiency was approx-
imately 20% in mouse HPCs (data not shown), and Arg1 overex-
pression was confirmed by Western blotting (see Fig. S2 in the
supplemental material). The percentages of distinct cell popula-
tions among the GFP� cells were evaluated by flow cytometric
analysis. This revealed that overexpression of Arg1 significantly
increased the proportion of CD11c� MHCII� and CD11c�

CD86� DCs, while it caused a reduction in the percentage of im-
mature myeloid cells (IMCs; Gr1� CD11b�); no effect on macro-
phage (F4/80� CD11b� Gr1�) differentiation was observed (Fig.
2A). Consistently, knockdown of Arg1 by two independent short
hairpin RNAs (shRNAs) suppressed DC differentiation and facil-
itated the accumulation of IMCs (Fig. 2B). The total cell numbers
remained largely unchanged among the different groups (see Fig.
S3). As further support, administration of L-arginine enhanced
DC differentiation, while the Arg inhibitor N	-hydroxy-L-argi-

nine (NOHA) clearly suppressed DC differentiation (see Fig. S4).
These observations suggest that Arg1 is essential for GM-CSF-
derived DC differentiation. We further studied whether Arg1-
modulated DCs displayed any difference in the stimulation of T
cells responses, which is a hallmark of DC activity. Indeed, DCs
with Arg1 overexpression were more potent stimulators of T cell
proliferation, while DCs with Arg1 knockdown showed the re-
verse changes, with respect to both antigen-specific (Fig. 2C) and
non-antigen-specific (see Fig. S5) responses.

Consistent with the observed Arg1 induction during the differ-
entiation of human monocytes into DCs, inhibition of Arg1 by
shRNAs significantly downregulated the expression of surface
markers related to human DCs (Fig. 2D), suggesting an impair-
ment of DC generation.

Modulation of Arg1 expression affects steady-state DC dif-
ferentiation. We next investigated whether Arg1 affects the differ-
entiation of plasmacytoid DCs (pDCs) and conventional DCs
(cDCs) under steady-state conditions. We first performed adop-
tive-transfer experiments; for these, enriched HPCs were trans-
duced with lentiviruses (with a GFP tag) that expressed Arg1
cDNA or Arg1 shRNA, as well as the corresponding empty vec-
tors, and then cultured in a cytokine cocktail to allow cell prolif-
eration but not differentiation (34). The cultured HPCs were then
transferred into lethally irradiated recipient mice by i.v. injection.
The levels of splenic DC subsets and other types of myeloid cells
among the donor cells (GFP�) were determined by flow cytomet-
ric analysis at 8 weeks posttransfer. This showed that ectopic ex-
pression of Arg1 significantly increased the proportions of splenic
CD8
� cDCs (CD11c� CD45R� CD8
�) and CD24hi cDCs
(CD11c� CD45R� CD24hi), while the levels of splenic CD11bhi

cDCs (CD11c� CD45R� CD11bhi) and pDCs (CD11c� CD45R�)
remained largely unaffected; knockdown of Arg1 by shRNA
caused the reverse phenotypes in DC subsets (Fig. 3A). In line with
the changes in myeloid DC differentiation, we observed a clear
reduction in the frequencies of IMCs (CD11b� Gr1�) upon Arg1
overexpression. Further analysis showed that CD115� monocytic
cells (CD115� CD11b� LY6C�), not granulocytes (CD11b�

LY6G�), were affected by Arg1 expression. These observations
were further confirmed in Arg1 shRNA-transduced cells (Fig. 3A).
Additional functional assays showed that cDCs generated by Arg1
overexpression displayed a significantly greater ability to stimu-
late antigen-specific T cell responses, while knockdown of Arg1
had the opposite effects, compared to the corresponding controls
(Fig. 3B).

The Flt3L culture system represents a cellular model of the
generation of steady-state DCs in vitro (35). We therefore utilized
this system to confirm the effect of Arg1 on the differentiation of

FIG 4 Expression of Arg1 is subject to regulation by histone acetylation. (A) Enriched HPCs were cultured in medium containing GM-CSF and IL-4 in the
presence of HDACi or dimethyl sulfoxide (DMSO), and Arg1 expression was determined by qRT-PCR in cells treated with different concentrations for 12 h (left)
or for different times (right). (B) 32D cells transfected with an Arg1 reporter were treated with HDACi or DMSO, and luciferase activity was measured at 48 h
posttransfection. (C) The expression of L-arginine-metabolizing enzymes in BM cells treated with HDACi or DMSO for 72 h was determined by Western blotting.
(D) Arg activity in BM cells treated with TSA or DMSO. (E) The expression of distinct HDAC members in cultured BM cells was determined by Western blotting.
(F) ChIP assays were performed with BM cells cultured for 6 days with antibodies against HDACs or with an IgG control. Recruitment of HDACs to the Arg1
promoter was determined by qPCR in eluted DNA. Data were normalized to the input DNA and are presented as fold increases over the values obtained with IgG.
(G and H) ChIP assays with antibodies against HDAC4 or Ace-H3 were performed with BM cells cultured for different numbers of days (G) or treated with TSA
for 3 days (H). The data represent fold increases over the values obtained with the IgG control after normalization to the input DNA. (I) BM cells were transfected
with two independent siRNAs for HDAC4 or the negative control (Negi), and the expression of HDAC4 and Arg1 was evaluated by qRT-PCR (left) and Western
blotting (right). HDAC1 was used as a negative control. (C, E, and I) The Western blot assay data shown are representative of three independent experiments; the
relative intensities of bands normalized to that of �-actin are shown on the right. (A, B, D, and F to I) The data represent the mean results � the standard
deviations from three independent experiments. *, P � 0.05; **, P � 0.01 (compared with the corresponding controls).
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FIG 5 Cross talk between HDAC4 and STAT6 in the regulation of Arg1. (A) ChIP assay performed with BM cells cultured for 6 days with anti-STAT6 or anti-IgG
antibody. The presence of the Arg1 promoter containing the potential STAT6 binding site was measured by qPCR. The data represent fold increases over the
values obtained with the IgG control. (B) The sequences of the WT and mutant STAT6-binding sites within the Arg1 promoter are indicated (left). 32D cells
transfected with reporter plasmids were treated with TSA or DMSO, and luciferase activity was measured at 48 h posttransfection. (C) Two-step ChIP assays with
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steady-state DCs. Ectopic expression of Arg1 led to significantly
higher levels of CD24hi cDCs, the splenic CD8
� cDC equivalent,
while no changes were observed in the levels of pDCs and CD11bhi

cDCs upon Arg1 overexpression (Fig. 3C). As further support, the
expression of Arg1 in human cDC2 (mouse CD8
� cDC equiva-
lent) was much higher than that in other DC subsets (see Fig. S6 in
the supplemental material). These observations collectively dem-
onstrate that Arg1 plays an essential role in DC differentiation at
steady state and that CD8
� cDCs are particularly responsive to
Arg1 activity.

Expression of Arg1 is regulated by HDAC4-mediated histone
acetylation. We next performed mechanistic studies to examine
the transcriptional regulation of Arg1 in differentiating DCs. First,
we investigated whether epigenetic mechanisms participate in this
process. To do this, we administered HDACi, including TSA and
suberoylanilide hydroxamic acid (SAHA), or the DNA methyl-
ation inhibitor 5-aza-2=-deoxycytidine (AZA) to cultured mouse
HPCs and determined the expression of Arg1 by qRT-PCR. This
revealed that both TSA and SAHA dramatically decreased Arg1
expression in a time- and dose-dependent manner (Fig. 4A), while
no effect of AZA was observed (data not shown). The suppressive
effect of TSA on Arg1 expression was further confirmed by a re-
porter activity assay (Fig. 4B) and Western blotting (Fig. 4C). The
expression of Arg2, however, was induced by TSA to some extent
(Fig. 4C), indicating that distinct Arg isoforms may be differen-
tially regulated by histone acetylation in DCs. The total cell num-
bers did not show noticeable changes upon HDACi treatment (see
Fig. S3 in the supplemental material). Consistent with the down-
regulation of Arg1 expression, the Arg activity in DCs was reduced
by TSA treatment (Fig. 4D). These data indicate that Arg1 is sub-
ject to regulation by histone acetylation in DCs.

To address how histone acetylation may regulate Arg1 tran-
scription in DCs, we first examined the expression of multiple
HDAC family members, since these enzymes are responsible for
removing acetyl groups from histones and other proteins. The
expression of the HDAC1 to -4 proteins was relatively abundant in
BM cells at all of the time points examined. The expression of
HDAC1 to -3 did not change noticeably over the course of DC
differentiation, while HDAC4 was gradually induced in this pro-
cess. The expression of HDAC5 and -6 was undetectable in West-
ern blot assays at all of the time points examined (Fig. 4E). We
further investigated which HDACs could bind to the Arg1 pro-
moter by performing ChIP assays. In comparison with HDAC1 to
-3, significantly higher recruitment of HDAC4 to the Arg1 pro-
moter (approximately from bp �453 to �572 upstream of the
transcription start site [TSS]) was observed in cultured BM cells
(Fig. 4F). Importantly, HDAC4 recruitment was clearly enhanced
in the course of DC differentiation, which was coupled with a clear
reduction in the acetylated histone 3 (Ac-H3) level within the
same Arg1 locus in ChIP assays (Fig. 4G). Meanwhile, administra-
tion of TSA suppressed HDAC4 recruitment but enhanced the

level of Ac-H3 present on the Arg1 promoter (Fig. 4H). As further
confirmation, knockdown of HDAC4 with two independent small
interfering RNAs (siRNAs) suppressed Arg1 expression at both
the mRNA and protein levels (Fig. 4I). These observations collec-
tively indicate that HDAC4-mediated histone acetylation plays a
critical role in the regulation of Arg1 in DCs.

STAT6 cooperates with HDAC4 in the transcriptional regu-
lation of Arg1. As one of the key epigenetic modifications that
occur during transcriptional regulation, histone acetylation usu-
ally facilitates the activity or DNA-binding function of TFs (36).
To investigate how HDAC4 modulates Arg1 expression, we first
studied which TFs might exhibit cross talk with HDAC4 in this
process. To this end, we first examined the Arg1 regulatory region
surrounding the HDAC4 binding site that was revealed by ChIP
assays. This revealed a potential STAT6 binding site (approxi-
mately from bp �502 to �512 upstream of the TSS). A ChIP assay
further confirmed the binding of STAT6 protein to this locus (Fig.
5A). this STAT6 binding site was distinct from a previously iden-
tified STAT6 binding site (from bp �2938 to �2948) (37). We
further constructed Arg1 reporter plasmids containing wild-type
(WT) or mutant STAT6 binding sites. Transfection assays with
these constructs showed that TSA administration suppressed WT
Arg1 reporter activity in 32D myeloid cells as expected, while mu-
tation of the STAT6 binding site completely abrogated this effect
(Fig. 5B), suggesting that the STAT6 binding site was necessary
and sufficient for histone acetylation-mediated Arg1 regulation. A
further sequential two-step ChIP assay confirmed the corecruit-
ment of the HDAC4 and STAT6 proteins to the Arg1 promoter in
cultured BM cells, with greater enrichment at day 6 than at day 0
(Fig. 5C). Results from immunoprecipitation assays showed that
HDAC4 specifically interacted with STAT6 but not STAT3 and
that this interaction gradually increased during the course of
DC differentiation (Fig. 5D). These data demonstrated that
HDAC4 and STAT6 cooperate in order to regulate Arg1 tran-
scription in DCs.

In addition to being phosphorylated, some STAT proteins are
also acetylated (23, 38). We therefore examined whether the in-
teraction with HDAC4 would change the acetylation status of the
STAT6 protein. Consistent with the enhanced interaction be-
tween HDAC4 and STAT6 in differentiating DCs, the level of
STAT6 acetylation was significantly lower on day 6 than on day 0
in cultured BM cells. Conversely, HDACi treatment enhanced
STAT6 acetylation (Fig. 5E). In contrast to the changes in STAT6
acetylation, the phosphorylation of STAT6 remained similar un-
der all of the experimental conditions tested (see Fig. S7 in the
supplemental material). Immunoprecipitation assays showed
that knockdown of HDAC4 with specific siRNAs clearly en-
hanced the level of STAT6 acetylation in the 32D cell line (Fig.
5F). These results indicate that HDAC4 modulates STAT6 acet-
ylation in DCs.

These observations collectively demonstrate that the recruit-

BM cells harvested on day 0 or 6 were performed sequentially with antibodies against STAT6 and HDAC4 as described in Materials and Methods. The data
represent fold increases over the values obtained with the IgG control. (D) Lysates from cultured BM cells were immunoprecipitated with anti-HDAC4 (left) or
anti-STAT6 (right) antibody, and the presence of STAT or HDAC protein was determined by Western blotting. (E) Acetylation of STAT6 as determined by
immunoprecipitation (IP) in BM cells cultured for various numbers of days (left) or treated with TSA for 3 days (right). (F) 32D cells were transfected with two
independent siRNAs for HDAC4 or a negative-control siRNA, and the acetylation level of STAT6 was determined by immunoprecipitation. The data in panels
A to C represent the mean results � the standard deviations of three independent experiments. The data in panels D to F represent three independent
experiments, and the relative intensities of the bands are shown in the bar graphs to the right of the blots. *, P � 0.05; **, P � 0.01 (compared with the
corresponding controls).
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ment of HDAC4 may cause deacetylation of both the histone H3
and STAT6 proteins in the Arg1 promoter, which then leads to
transactivation of Arg1 during the course of DC differentiation.

Arg1 mediates the inhibitory effect of HDACi on DC differ-
entiation. HDACi can suppress DC differentiation and function
(17, 24). On the basis of our findings that HDACi treatment sup-
presses Arg1 expression and that ectopic expression of Arg1 en-
hances DC differentiation, we therefore hypothesized that Arg1
may mediate the suppressive effect of HDACi on DC differentia-
tion. To test this possibility, we first confirmed the effects of
HDACi on DC differentiation both in vitro and in vivo. For in vitro
assays, TSA (10 nM) was administered at day 0 of a culture con-
taining either GM-CSF or Flt3L in order to induce the differenti-
ation of monocyte-derived or steady-state DCs, respectively; for in
vivo experiments, an mouse inflammation model was used to gen-
erate monocyte-derived DCs (33, 39), or steady-state DCs were
evaluated in the spleens of naive mice. TSA (5 mg/kg) was admin-
istered for 3 consecutive days. Flow cytometric analysis showed
that TSA treatment significantly suppressed the differentiation of
steady-state cDCs (see Fig. S8 in the supplemental material), as
well as monocyte-derived DCs (see Fig. S9), both in vitro and in
vivo. We next investigated whether ectopic expression of Arg1
could counteract the suppressive effects of TSA on DCs. In the
context of GM-CSF culture conditions, mouse HPCs were in-
fected with lentivirus expressing Arg1 or a vector control and then
treated with TSA for 5 days. We observed that ectopic expression
of Arg1 almost completely abrogated the suppressive effect of TSA
on the differentiation of monocyte-derived DCs (Fig. 6A). The
ability of TSA to block DC-dependent stimulation of T cell pro-
liferation was also abrogated by the overexpression of Arg1 (Fig.
6B). In the Flt3L culture system, mouse BM cells were transduced
with lentivirus expressing Arg1 or the vector and then treated with
TSA for 10 days. This revealed that Arg1 abrogates the effect of
TSA on cDC differentiation (Fig. 6C) and blocks their functional
activity (Fig. 6D). Supplementation of L-arginine, however, had
no effect on TSA-mediated DC suppression (data not shown).
Taken together, these observations indicate that Arg1 mediates
the inhibitory effect of HDACi on DCs.

DISCUSSION

Although the role of Arg1 and L-arginine metabolism in immune
responses has been well recognized, little is known about their
effects on DC biology (11). Our study demonstrated that Arg1,
one of the key L-arginine-metabolizing enzymes, is a novel regu-
lator of myeloid DC differentiation and shed new light on the
immunoregulatory roles of Arg1 and L-arginine metabolism.

Our results support the idea that the level of Arg1 expression
specifically impacts CD8
� cDC differentiation. No effect on
CD11b� DCs or pDCs was observed upon the modulation of Arg1
expression. Arg1 expression is much higher in CD8
� cDCs from

Flt3L-cultured mouse BM and equivalent human cDC2, com-
pared with other DC subsets. However, CD8
� cDCs from fresh
mouse spleen express a low level of Arg1 (see Fig. S10 in the sup-
plemental material), which is consistent with the results from
ImmGen (http://www.immgen.org/). The differential pattern of
Arg1 expression in CD8
� cDCs from in vivo and in vitro sources
indicates that a complicated regulatory mechanism may dictate
Arg1 expression in mice and deserves further investigation. Con-
ditional knockout of Arg1 in myeloid cells would be ideal for fully
understanding the role of Arg1 in DC differentiation.

Histone modification-based transcriptional regulation plays a
fundamental role in cell fate determination, including lineage com-
mitment of hematopoietic stem/progenitor cells (40, 41). However,
little is known about the role of histone code-mediated gene regula-
tion in the differentiation of DCs (24), the exploration of which will
be crucial in delineating the transcriptional network that controls DC
differentiation. Our present study identified Arg1 as a transcriptional
target of histone acetylation in differentiating DCs. The fine tuning of
Arg1 in this process was mediated by the dynamic recruitment of
HDAC4 and STAT6 to a regulatory region within the Arg1 promoter.
This highlights the importance of the cross talk between TFs and
epigenetic pathways in DC development. The mechanism of dy-
namic HDAC4 recruitment to the Arg1 locus in differentiating DCs
deserves further investigation.

We observed robust induction of Arg1 during the course of DC
differentiation, and modulation of Arg1 expression could signifi-
cantly affect the differentiation of both monocyte-derived DCs
and steady-state cDCs but not steady-state pDCs; these data indi-
cate that Arg1 has a universal role in the development of myeloid
DCs. In contrast to the induction of Arg1 expression, Arg2 was
moderately downregulated in differentiating DCs. These results
indicate that a potential balance may exist between different Arg
isoforms in DC development, although the significance of Arg2 in
DCs remains unknown. Interestingly, Cat2B, one of the members
of the L-arginine transporter cationic amino acid transporter
(CAT) family, was specifically induced in differentiating DCs. In-
duction of Arg1 is strictly linked with the upregulation of CAT
proteins, which form functional units that are responsible for the
majority of L-arginine consumption in certain cells types, includ-
ing macrophages and MDSCs (11, 42–44). The induction of both
Arg1 and Cat2B during the course of DC differentiation indicates
that they may cooperate to facilitate the uptake and metabolism of
L-arginine in this process. The clear reduction in the amounts of
L-arginine in culture supernatants from differentiating DCs sup-
ports this possibility.

The molecular mechanism underlying Arg1 transcriptional
regulation in DCs was delineated in this study. Th2 cytokines are
known to induce the expression of Arg1 in macrophages through
JAK-mediated STAT6 phosphorylation (37, 45–47). The regula-
tion of Arg1 in DCs is clearly distinct from that in macrophages.

FIG 6 Arg1 mediates the inhibitory effect of TSA on DC differentiation. (A) BM were transduced with lentiviral plasmids expressing Arg1 or the empty vector
cPPT and then cultured with TSA or DMSO, as indicated, in medium containing GM-CSF and IL-4 for 6 days. The proportions of distinct subpopulations among
the GFP� cells were analyzed by flow cytometry. (B) Allogeneic mixed-lymphocyte reaction (MLR) cells from panel A were cocultured with T cells from
allogeneic BALB/c mice at a 1:10 ratio for 3 days, and T cell proliferation was measured by CFSE dilution; T cells cultured alone were used as controls. (C) BM
cells were infected with lentiviral plasmids expressing Arg1 or the empty vector cPPT and then cultured with DMSO or TSA in medium containing Flt3L for 9
days. The proportions of DC subsets were analyzed by flow cytometry of the GFP� cells. (D) Allogeneic MLR. cDCs isolated from panel C were cocultured with
allogeneic T cells at a 1:10 ratio for 3 days, and T cell proliferation was measured by CFSE dilution. (A, C) The left half of each panel shows representative results
from a single experiment, and the right half shows the mean results � the standard deviations of three independent experiments. The data in panels B and D
represent the mean results � the standard deviations of three independent experiments. *, P � 0.05; **, P � 0.01 (compared with the corresponding controls).
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First, the induction of Arg1 was not completely dependent on IL-4
in DCs. Addition of IL-4 increased the fold induction of Arg1
compared with that observed with GM-CSF alone, suggesting that
both of the cytokines GM-CSF and IL-4 may participate in the
regulation of Arg1 in DCs. Second, the phosphorylation of STAT6
was unchanged during the course of DC differentiation, although
both GM-SCF and IL-4 could cause STAT6 phosphorylation in a
BM culture (see Fig. S11 in the supplemental material). The level
of STAT6 acetylation, however, was dynamically regulated. Third,
an HDAC4-mediated epigenetic mechanism participated in the
Arg1-dependent regulation of DCs. The recruitment of HDAC4
caused the acetylation of both the STAT6 and histone H3 proteins
within the Arg1 regulatory locus, therefore leading to its transac-
tivation.

Acetylation of STAT proteins plays important roles in the
modulation of their transcriptional activity (48, 49). It was re-
ported that the HDAC inhibitor TSA causes hyperacetylation of
STAT3 and decreases the expression of cyclin D1 (50). Shankara-
narayanan et al. demonstrated that acetylation of STAT6 by CBP/
p300 is required for the transcriptional activation of the gene for
15-LOX-1 (51). These observations suggest that acetylation of
STAT proteins regulates transcription machinery in a gene-spe-
cific manner. Our study demonstrates that STAT6 acetylation in
DCs suppresses Arg1 transcription in differentiating DCs. Knock-
down of STAT6 consistently led to a clear reduction of Arg1 ex-
pression (see Fig. S12 in the supplemental material). Taken to-
gether, our observations indicate that different types of myeloid
cells may exploit Arg1 activation via distinct mechanisms.

Although our study demonstrates an essential role for Arg1 in
the differentiation of myeloid DCs, the underlying mechanism
remains unclear. We performed genomic mRNA profiling to
screen DCs for potential targets of Arg1. The expression of several
TFs important for CD8
� DC development was induced by Arg1
overexpression, including BATF2, BATF3, and Nfil3 (52–54) (see
Fig. S13 in the supplemental material). The exact role of these TFs
in Arg1-mediated DC differentiation, however, deserves further
investigation.

In addition to their direct effects on cancer cells (55), HDACi
are known to have broad immunomodulatory effects. Although
their role in the differentiation and function of myeloid cells is
well documented (23, 24, 26), the detailed mechanisms are still
poorly understood. In this study, we confirmed the effects of
HDACi on the suppression of myeloid DC generation, as well as
the enhanced accumulation of IMCs in mice. Further studies sug-
gest that Arg1 mediates the suppressive effect of HDACi on DC
differentiation. However, the possibility that HDACi and Arg1
function independently in regulating DC differentiation could
not be completely excluded; mutation of the Arg1 promoter that
does not contain the binding site for HDAC4 in vivo would be
helpful in elucidating whether Arg1 mediates the effect of HDACi
on DCs. Since HDACi have broad immunomodulatory proper-
ties, they could have significant potential impacts on pathological
conditions such as cancer, inflammation, and autoimmune dis-
eases. Our study provides a greater molecular insight into their
mode of action that may be useful in the development of novel
immunotherapeutic strategies for these disorders.
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